Objective Acute heart failure syndrome (AHFS) is a major cause of hospitalisation and imparts a substantial burden on patients and healthcare systems. Tools to define risk of AHFS hospitalisation are lacking. Methods A prospective cohort study (n=628) of patients with stable chronic heart failure (CHF) secondary to left ventricular systolic dysfunction was used to derive an AHFS prediction model which was then assessed in a prospectively recruited validation cohort (n=462). Results Within the derivation cohort, 44 (7%) patients were hospitalised as a result of AHFS during 1 year of follow-up. Predictors of AHFS hospitalisation included furosemide equivalent dose, the presence of type 2 diabetes mellitus, AHFS hospitalisation within the previous year and pulmonary congestion on chest radiograph, all assessed at baseline. A multivariable model containing these four variables exhibited good calibration (Hosmer-Lemeshow p=0.38) and discrimination (C-statistic 0.77; 95% CI 0.71 to 0.84). Using a 2.5% risk cut-off for predicted AHFS, the model defined 38.5% of patients as low risk, with negative predictive value of 99.1%; this low risk cohort exhibited <1% excess all-cause mortality per annum when compared with contemporaneous actuarial data. Within the validation cohort, an identically applied model derived comparable performance parameters (C-statistic 0.81 (95% CI 0.74 to 0.87), Hosmer-Lemeshow p=0.15, negative predictive value 100%). Conclusions A prospectively derived and validated model using simply obtained clinical data can identify patients with CHF at low risk of hospitalisation due to AHFS in the year following assessment. This may guide the design of future strategies allocating resources to the management of CHF.
INTRODUCTION
In the USA, over 5 million individuals suffer from chronic heart failure (CHF) with direct and indirect costs of more than $30 billion per annum. 1 The main contributor to this financial burden is the cost incurred by hospitalisation of CHF patients due to acute heart failure syndrome (AHFS). In 2006, over a million hospitalisations for AHFS occurred in the USA, 1 and although recent data suggest a 30% reduction in heart failure hospitalisation rates during the past decade, 2 these continue to incur major economic and personal costs. 1 After AHFS admission, rehospitalisation is high, 3 and in some series AHFS has been shown to be a strong residual predictor of increased risk of death at 1 year, 4 supporting the possibility that the natural history of CHF may be altered unfavourably by episodes of AHFS. 5 6 A large number of studies have been performed with the aim of developing models that identify patients with CHF at high risk of mortality. 7 8 Despite the ongoing importance of hospitalisation due to AHFS, few studies have attempted to develop models that can specifically stratify risk of AHFS hospitalisation. 9 The small number of studies that have produced models did so with the aim of predicting heart failure related rehospitalisation, as opposed to studying unselected CHF populations, and did not offer robust performance (C-statistic≈0.6). [10] [11] [12] These studies highlight the difficulty in deriving hospitalisation risk prediction models for use in individual heart failure patients. 9 The present prospective multi-centre cohort study was specifically designed to identify and validate simple clinical variables that would stratify risk of adverse outcomes in stable outpatients with CHF.
METHODS
This was a prospective multi-centre cohort study designed to validate previous models predicting death and mode of death in patients with CHF, in addition to identifying markers of increased risk of AHFS hospitalisation in stable outpatients with CHF secondary to left ventricular systolic dysfunction. Patients (n=628) included in the derivation cohort were recruited between July 2006 and January 2009. A second validation cohort (n=462) was recruited between February 2009 and December 2011. All patients were recruited in specialist physician-led cardiology outpatient clinics in National Health Service tertiary or district hospitals in West Yorkshire, UK, and provided written informed consent. The study was approved by appropriate local ethics committees and conducted according to the principles expressed in the Declaration of Helsinki.
Entry criteria
Adult patients (>18 years) were eligible to take part in the study if they had stable symptoms and signs of CHF (no change in New York Heart Association (NYHA) class or diuretic regimen during past 3 months) with echocardiographic evidence of left ventricular systolic dysfunction (LV EF ≤45%).
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Baseline data collection
At the time of recruitment into the study, a case record form detailing baseline clinical and demographic data was completed for all patients. The presence of type 2 diabetes was defined at study recruitment on the basis of detailed past medical and drug history. An erect posteroanterior chest radiograph was performed for each patient and reported by a radiologist blinded to patient characteristics (as previously described). 13 A venous blood sample was taken at rest for assessment of electrolyte concentration, urea, creatine, liver function and plasma glucose. Estimated glomerular filtration rate (eGFR) was calculated using the Modification of Diet in Renal Disease method.
14 A 2D echocardiogram was performed and reported by local cardiac sonographers, blinded to patient characteristics, according to British Society of Echocardiography recommendations. 15 Left ventricular dimensions and EFs were calculated according to recommended guidelines. 16 NYHA class was allocated according to standard criteria. 17 Furosemide equivalent dose was calculated in patients prescribed bumetanide assuming that 1 mg bumetanide was equivalent to 40 mg furosemide. Ramipril and bisoprolol equivalent doses were derived according to our previously published work.
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The 24-hour ambulatory ECGs (Lifecard CF, Spacelabs Healthcare, Washington, USA) were obtained during normal, unrestricted, out of hospital activity as previously reported. 19 Recordings were analysed with a Spacelabs Sentinel system by independent technical staff blinded to patient characteristics. 13 Assessment of hospitalisation and mortality AHFS hospitalisation was a priori defined as a new onset or worsening of signs and symptoms of heart failure with evidence of fluid overload requiring at least 24 h overnight hospitalisation and the use of intravenous diuretics. 20 This was assessed with the use of institutional clinical event databases detailing all admissions in recruiting centres. All patients were registered with the UK Office of Population Censuses and Surveys to provide details of death, including location and date. Mortality was assessed as a binary event, censored after the first year of follow-up.
Statistics
Statistical analyses were performed using SPSS V. 16 .0 (SPSS Inc., Chicago, Illinois, USA) and R (V.2.8.1). Descriptive group data are presented as mean (95% CI) and percentage (95% CI) for continuous and categorical data, respectively. Statistical significance at the 5% level was adopted unless stated otherwise. Univariable predictors of AHFS were derived using binary logistic regression analysis. Assessment for non-linearity of risk of association and the correct means of accounting for this were defined using a generalised additive model (see Results section). A binary logistic multivariable model was derived by initially entering all variables in figure 1 and subsequently removing those accounting for less residual variance than the degrees of freedom, or not reaching statistical significance at the 10% level using the Wald test; these data were used in categorical format where specific units are not given in figure 1 , and no partitioning of continuous data was performed. Model discrimination was defined using receiver operating characteristic curves, and calibration was assessed using the Hosmer-Lemeshow statistic. The threshold of predicted AHFS risk used to denote low risk in the derivation analysis was defined on the basis of achieving negative predictive value of >99% in order to minimise false negative labelling. A bootstrap analysis was used to assess the internal validity of the model. Five hundred random samples of the cohort were used to define the 95% centiles for model performance parameters; these intervals did not alter when fewer samples were assessed, and so analysis was not performed beyond 500 samples.
For validation of the statistical model produced from the derivation cohort, identical variables and weightings (displayed in table 2) were then applied to our prospectively recruited validation cohort. Model discrimination and calibration were Figure 1 Univariable predictors of AHFS. Forest plot demonstrating association of selecting variables with risk of AHFS. The accompanying OR and 95% CI are presented, along with χ 2 statistics, for each variable. AHFS, acute heart failure syndrome; eGFR, estimated glomerular filtration rate; HF, heart failure; ICD, implantable cardioverter defibrillator; NYHA, New York Heart Association. assessed as outlined above, as were bootstrap analyses. An identical predicted risk of AHFS (<2.5%) was also applied as the cut-off to define low risk group when assessing sensitivity, specificity, negative predictive value and positive predictive value.
RESULTS
Of the 738 patients screened, 628 fulfilled the entrance criteria (those excluded were predominantly because of LV EF >45% on baseline echocardiogram). Patient characteristics are shown in table 1. Mean age was 67 (95% CI 66 to 68) years; 73.7% were men; 20.9% were categorised as NYHA functional class I, 41.7% as class II, 34.8% as class III and 2.6% as class IV. Mean eGFR was 53.3 (52 to 54.6) mL/Kg/min and mean sodium was 139.3 (139 to 139.5) mmol/L. Ischaemic heart disease was the primary aetiology of CHF in 64.8%, and 24.5% of patients were diagnosed with type 2 diabetes mellitus. Mean LV EF was 31.3 (30.6 to 32) % and left ventricular end diastolic diameter was 58.7 (57.9 to 59.4) mm. ACE inhibitors or angiotensin receptor blockers were prescribed to 88%, β-adrenoceptor blockers (β-blockers) to 79.2% and mineralocorticoid receptor antagonists to 41%; 23.7% received CRT-P/D within 6 months of recruitment. The mean dose of furosemide prescribed was 55.7 (51.5 to 59.8) mg.
One year hospitalisation rate was 7% for AHFS episodes (n=44), 14% for all cardiovascular related episodes (including AHFS) and 20.7% for all non-elective (including cardiovascular) episodes occurring during follow-up. In patients with AHFS, the median (IQR) time from recruitment to first AHFS was 165 (94 to 267) days. One year all-cause mortality rate was 9.2% (58 patients; 32 inhospital deaths).
Predictors of AHFS
An initial analysis of univariable predictors of AHFS based upon clinically plausible variables is outlined in figure 1 . AHFS hospitalisation within the previous year, the presence of type 2 diabetes mellitus, pulmonary congestion on chest radiograph, furosemide dose, NYHA class and serum sodium concentration were all statistically significant predictors of AHFS. Notably, assessment for non-linearity of risk of association using a generalised additive model revealed that a quadratic correction term should be applied to furosemide dose; this was applied in all univariable and multivariable analyses. A multivariable regression model containing the former four factors (table 2) was produced after initially entering all factors in figure 1 and removing those accounting for less residual variance than the degrees of freedom or not reaching statistical significance. This exhibited excellent calibration (Hosmer-Lemeshow p=0.38) and discrimination (C-statistic 0.77 (95% CI 0.71 to 0.84); figure 2A) . Furthermore, this model offered only low discrimination in predicting non-AHFS related hospitalisation (C-statistic 0.61 (0.54 to 0.68); figure 2B ).
Using a cut-off value of <2.5% predicted AHFS to denote low risk, sensitivity was 95.2%, specificity 41%, negative predictive value 99.1% and positive predictive value 10.9%; 38.5% AHFS, acute heart failure syndrome; BMI, Body Mass Index; BP, blood pressure; eGFR, estimated glomerular filtration rate; HF, heart failure; NYHA, New York Heart Association. of the population were deemed low risk. Furthermore, annual mortality in the low risk group was 3.5%; when compared with UK actuarial mortality data, 21 the excess CHF-related mortality was 0.7% per annum, compared with an excess of 9.9% in the higher risk group. The performance parameters of the model at other thresholds of predicted AHFS hospitalisation risk are also outlined in table 3. These data indicate that application of higher predicted risk thresholds may allow definition of groups at 'high' risk of AHFS, although this may be relevant to only a small percentage of the total population.
Bootstrap analyses for the C-statistic (0.79 (95th centiles 0.72 to 0.85)), sensitivity (96% (85.7% to 100%)), specificity (38.1% (15.6% to 58.8%)), positive predictive value (10.2% (7.4% to 13.3%)) and negative predictive value (99.2% (97.7% to 100%)) indicate reasonable internal validity of the model.
Validation cohort
Using identical inclusion and exclusion criteria, a further cohort of 462 patients was then recruited to validate the performance of the model in predicting low risk of AHFS; baseline characteristics are presented in table 4. One year hospitalisation rate was 4.5% for AHFS episodes (n=21), 11.3% for all cardiovascular related episodes and 30.3% for all non-elective episodes. In patients with AHFS, the median (IQR) time from recruitment to first AHFS was 64 (41 to 136) days. One year all-cause mortality rate was 7.1% (33 patients; 17 inhospital deaths).
Using the variables and their respective weightings identified in the derivation cohort (table 2), individual risk of AHFS was predicted. Using these parameters, the model continued to show satisfactory calibration (Hosmer-Lemeshow p=0.15) and similar discrimination (C-statistic 0.81 (95% CI 0.74 to 0.87) by bootstrap analysis; figure 3) . Applying an identical threshold of <2.5% predicted risk of AHFS to define low risk, 29.4% of the population were deemed low risk, sensitivity was 100% (95% CI 100% to 100%), specificity was 30.8% (95% CI 26.3% to 34.5%), negative predictive value was 100% (100% to 100%) and positive predictive value was 6.6% (6.2% to 6.9%). One year all-cause mortality in the low risk group was 4.5% (n=6), which is 1.2% in excess of actuarial data, 21 while in the higher risk group, mortality was 8.4% (n=27), which is 4.4% in excess of actuarial data.
DISCUSSION
The principal findings of the present report are that three simple questions ((1) Does the patient have diabetes? (2) Did the patient have an AHFS hospitalisation in the past year? (3) What daily dose of loop diuretic is the patient requiring?) and a chest radiograph can provide information that identifies patients at low risk of subsequent AHFS hospitalisation. These measurements have the potential to allow individually tailored, patient-centred therapeutic approaches, targeting of sophisticated monitoring systems or differing levels of intensity of treatment/monitoring.
Identifying patients at increased risk of hospitalisation due to AHFS
The goal of early detection of AHFS is to decrease hospitalisation and mortality, prevent worsening CHF and improve the quality of life of patients with CHF, and their families. Our data Figure 2 Model discrimination in derivation cohort. Receiver operating characteristic curves demonstrating the discriminative capacity of the multivariable model detailed in table 3 to predict (A) AHFS hospitalisation and (B) non-AHFS hospitalisation. AHFS, acute heart failure syndrome.
demonstrate that, by integrating information from a clinical history (loop diuretic dose, previous AHFS hospitalisation and the presence of type 2 diabetes mellitus) with chest radiograph data, it is possible to identify patients with CHF at very low risk (below 1% per annum) of AHFS hospitalisation and a subgroup at relatively high risk (which can be further stratified by the model). These data may allow more appropriate use of limited healthcare resources. Furthermore, patients defined as having low risk of AHFS by our model also appear to be at low additional risk of all-cause death when compared with relevant actuarial data (approximately 1% excess risk).
AHFS hospitalisation: pathophysiology and predictors
AHFS, defined as a gradual or rapid change in heart failure signs and symptoms resulting in a need for urgent therapy, poses a unique challenge to clinicians caring for patients with CHF. 22 The majority of patients hospitalised with AHFS have worsening CHF associated with previously documented left ventricular systolic impairment. 23 In community patients with CHF, mortality significantly increases after each hospitalisation 24 and risk of death from progressive heart failure soon after hospital discharge is increased substantially. 4 Therefore, AHFS hospitalisation in patients with CHF may be a marker of CHF progression and/or may increase mortality due to the impact of therapies used in hospital to rapidly reverse decompensation.
A recent systematic review demonstrated the paucity of data identifying specific and accurate predictors of AHFS hospitalisation. 9 Though there have been a number of studies evaluating predictors of readmission after an AHFS, they have been limited to patients with a prior AHFS admission and have had relatively short periods of follow-up. Moreover, no studies to date have elected to examine prediction of AHFS hospitalisation a priori in highly characterised patients in a number of centres. As a result, and despite the size of the problem, prognostic models specifically aimed at AHFS are currently lacking; therefore, our ability to target therapeutic strategies aimed at preventing AHFS in selected groups of patients is lacking.
Pulmonary congestion and AHFS
The symptoms and signs of AHFS are thought to be principally due to severe pulmonary congestion secondary to elevated left ventricular filling pressure. 20 Cardiopulmonary congestion is thought to be the principal reason for AHFS admissions and readmissions; 20 this may start weeks before presentation with AHFS. 25 26 Cardiopulmonary congestion leads to additional neurohumoral activation and subendocardial ischaemia. 27 28 In keeping with myocyte necrosis, available data suggest an increase in serum troponin in patients with AHFS. 29 Moreover, progressive mitral and/or tricuspid regurgitation due to altered cardiac size and shape may occur, leading to an accelerated decline in left ventricular systolic performance. 30 In keeping with these previous studies, we have demonstrated that evidence of pulmonary congestion on a plain chest radiograph (indirect evidence of increased left ventricular filling pressure) is associated with an increased risk of AHFS hospitalisation.
Functional capacity and AHFS
The NYHA class is a 4-point semiquantitative index of a patient's functional ability. 17 In previous studies it has been shown to correlate with quality of life, 31 quantitative assessment of cardiopulmonary performance such as peak VO 2 32 and prognosis. 33 In the present report, we have demonstrated that NYHA class is a univariable predictor of AHFS hospitalisation. This is not surprising in view of the fact that NYHA appears to be a good indicator of more advanced heart failure. However, the reproducibility of NYHA class has been questioned, 34 and this may underlie the loss of NYHA class during the development of our multivariable model. It is likely that loop diuretic dose is a surrogate of symptomatic status which, by virtue of its objective measurement and continuous distribution, offers greater predictive value than NYHA class, thereby resulting in its inclusion in the final model. To the authors' knowledge, no data have previously been published demonstrating the residual value of loop diuretic dose in predicting AHFS hospitalisation risk after accommodating other major risk factors.
Previous heart failure hospitalisation and AHFS
As discussed, in patients with CHF, mortality significantly increases after each hospitalisation and risk of death from multivariable model detailed in table 3 to predict acute heart failure syndrome hospitalisation.
progressive heart failure soon after hospital discharge is increased substantially. 4 24 Therefore, AHFS hospitalisation in patients with CHF appears to be a marker of CHF progression and/or may increase mortality due to the impact of aggressive therapies used in hospital to reverse decompensation. 35 36 In keeping with this, our dataset shows that previous hospitalisation for AHFS is a residual and powerful predictor of further AHFS hospitalisation.
Type 2 diabetes mellitus and AHFS
In the present study, approximately 25% of patients were classified as suffering from type 2 diabetes. In a large study from Scotland, MacDonald et al 37 showed that diabetes was associated with an increased risk of readmission to hospital in patients admitted to hospital with a principal diagnosis of heart failure irrespective of EF. Data from the CHARM study showed that hospitalisation in patients with CHF and diabetes, with both preserved or reduced EFs, was higher. 38 Our dataset is consistent with these studies, demonstrating in ambulant outpatients that the presence of diabetes increases the risk of heart failure hospitalisation.
UTILITY OF THE MODEL
For a model to be adopted in clinical practice it must answer simply a clearly defined question, thereby providing the clinician and patient with a high degree of confidence in the anticipated outcome. Our decision to apply a low predicted risk threshold for the application of the model clearly defines this as a means to predict low risk of AHFS hospitalisation, and the negative predictive value (99.1% and 100% in derivation and validation cohorts) means that <1% of 'low risk' patients will experience AHFS hospitalisation. Clearly, the lower the threshold chosen, the greater the negative predictive value will become, though we feel that our application of the model achieves an acceptable balance between achieving a low false negative rate, while deeming a large group of patients as low risk. Indeed, since approximately a third of the population are deemed low risk, major reallocation of finite resources, perhaps through novel care strategies, can be contemplated. For example, low risk patients may be able to receive lower intensity monitoring, hence allowing available specialist resources to be directed at reducing hospitalisation in higher risk patients; such strategies of course require prospective validation. Reassurance that such a strategy would be appropriate comes from our mortality data, indicating an approximate 1% excess all-cause mortality (compared with actuarial data) in the low risk groups of derivation and validation cohorts. Moreover, the broad repetition of all of our findings in a prospectively recruited validation cohort suggests applicability in routine clinical practice. Finally, it is notable that the use of higher predicted risk thresholds can allow our model identify groups at higher risk of AHFS (see table 4), although this is evidently relevant to a much smaller proportion of the cohort.
Study limitations
The present dataset presents a number of markers of increased risk of AHFS hospitalisation in patients with CHF due to left ventricular systolic dysfunction. While the model developed has good internal calibration and discrimination, which was confirmed locally in a prospectively recruited validation cohort, any model should be validated and calibrated in different populations and locations to ensure wider transportability and generalisability. The study design aimed to assess routine clinical measurements, and so we did not measure more novel markers of risk, such as brain natriuretic peptide (BNP) or markers of systemic inflammation; 39 40 these may add further prognostic information to the present model. In addition, the present study did not assess patients with CHF and preserved EF, and so the model cannot be applied to this group of patients. Next, while all patients attending recruiting clinics were approached for consent to participation, it is impossible to exclude any selection bias in our derivation and validation cohorts. The comparable results in both cohorts make selection bias seem less likely, although reproduction of our findings in geographically distinct cohorts would add further support to our findings. Finally, it should be noted that patient compliance with medical therapy may be an important factor in precipitating AHFS-unfortunately, we have no data pertaining to this in either cohort.
CONCLUSIONS
We have shown that information obtained from clinical history and a plain chest radiograph can identify patients with CHF at low risk of subsequent hospitalisation for AHFS. This information may be useful in tailoring therapeutic strategies for patients with CHF.
Key messages
What is already known on this subject Hospitalisation due to acute heart failure syndromes imparts a substantial burden on individuals and healthcare systems. Currently, there is no way of predicting the risk of these events in individual patients.
What this study adds
We have derived a model able to predict very low risk of heart failure related hospitalisation in patients with stable chronic heart failure associated with left ventricular systolic dysfunction during the subsequent year. This model was then validated in a second prospectively recruited cohort, and demonstrated comparable performance metrics.
